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ABSTRACT The bimolecular and geminate CO recombination kinetics have been mreasured for hemoglobin (Hb) with over
90% of the ligand binding sites occupied by NO. Since Hb(NO)4 with inositol hexaphosphate (IHP) at pH below 7 is thought
to take on the low affinity (deoxy) conformation, the goal of the experiments was to determine whether the species IHPHb-
(NO)3(CO) also exists in this quaternary structure, which would allow ligand binding studies to tetramers in the deoxy con-
formation. For samples at pH 6.6 in the presence of IHP, the bimolecular kinetics show only a slow phase with rate 7 x 104
M-1 s-1, characteristic of CO binding to deoxy Hb, indicating that the triply NO tetramers are in the deoxy conformation. Unlike
Hb(CO)4, the fraction recombination occurring during the geminate phase is low (<1%) in aqueous solutions, suggesting that
the IHPHb(NO)3(CO) hybrid is also essentially in the deoxy conformation.
By mixing stock solutions of HbCO and HbNO, the initial exchange of dimers produces asymmetric (aNOINo/acoPcO) hybrids.
At low pH in the presence of IHP, this hybrid also displays a high bimolecular quantum yield and a large fraction of slow
(deoxy-like) CO recombination; the slow bimolecular kinetics show components of equal amplitude with rates 7 and 20 x 104
M-1 s-1, probably reflecting the differences in the a and chains.
Samples of symmetric hybrids (a2NOI32Co or a2Co922NO) showed a lower (R-like) bimolecular yield and less slow phase for
the CO bimolecular recombination, relative to the asymmetric hybrid or the triply NO species. The slower (T state) bimolecular
rate of 7 x 104 M-1 s-1 was observed for CO rebinding to a chain.
While oxygen equilibrium studies with 'HPHb(NO)3 were hampered by a high oxidation rate, it was possible to perform
experiments with samples equilibrated with a mixed CO/oxygen atmosphere. Photodissociation of CO allows a temporary
exposure of the binding sites to oxygen. The results confirm that IHPHb(NO)3 has a low oxygen affinity.
INTRODUCTION
Deoxy hemoglobin (Hb) tetramers possess a low oxygen af-
finity (T state), and upon oxygenation the tetramers switch
to a high affinity (R state) structure. Although the R and T
affinities are generally associated with the oxy and deoxy
forms, the ligation level cannot be used as a definition of
these states. It has been shown that deoxy R state tetramers
can be produced by photodissociation (Gibson, 1956), al-
though this form relaxes in about 100 ,us to the T state con-
formation (Sawicki and Gibson, 1976). Mutant hemoglobins,
such as Hb Chesapeake (Charache et al., 1966) may have a
greatly shifted allosteric equilibrium, so that the forms with
zero or one ligand may show an appreciable amount of R
state (Edelstein, 1975; Shulman et al, 1975). If the mecha-
nism for the heme-heme interaction is lost, the resulting Hb
may behave as dimers or isolated chains, which have R-like
properties.
At the other extreme, there are cases where the liganded
form may adopt the T state conformation at low pH, such as
certain fish Hb exhibiting a Root effect (Root, 1931; Brittain,
1987), or Hb Kansas in the presence of the strong effector
IHP (Bonaventura and Riggs, 1968). Use of multiple effec-
tors may also shift the allosteric equilibrium so that HbAwith
three ligands bound remains in the T state (Marden et al.,
1988). When constrained by the crystal lattice, Hb has also
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been reported to show a single low oxygen affinity for all four
sites (Mozarelli et al., 1991).
Another example of liganded Hb in the T state is HbNO
in the presence of IHP under acid conditions. Upon addition
of IHP to HbNO, there is a change in the absorption spectrum
(Cassoly, 1974) and a decreased f393 cysteine reactivity
(Cassoly, 1975), which were interpreted as a change from the
R to T state. This hypothesis was supported by the obser-
vation that sickle cell HbS-NO with IHP will participate in
polymer formation as does deoxy HbS, whereas no polymer
occurs for the oxy form (Briehl and Salhany, 1975). Further
characterization of HbNO has been made by IR absorption
studies (Maxwell and Caughey, 1976; Friedman et al., 1983),
circular dichroism (Perutz et al., 1976), EPR spectra (Henry
and Cassoly, 1973; Nagai et al., 1978), and variation of the
physical-chemical parameters such as pH, NO saturation
level, temperature (Hille et al., 1979; Wajnberg et al., 1992),
and conditions of dehydration (Sanches, 1988).
These examples of greatly shifted allosteric equilibrium
indicate that a better working definition of the Hb state is
required. In the present ligand binding studies we make use
of the large differences in the oxygen affinity and the CO
association rate to probe the allosteric state of Hb partially
saturated with NO.
NO, a biologically important effector (Ignarro, 1989) and
participant in redox reactions (Kosaka, 1989), exhibits many
intrinsic differences compared to other ligands (CO and 02)
of ferrous Hb. While CO strengthens the bond to the proxi-
mal histidine, NO weakens this bond; the specific electronic
structure ofNO with an unpaired electron involves disruption
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or a weakening of the fifth iron bound with the proximal base
(Traylor and Sharma, 1992). It was reported that relative to
the ligands CO and 02, samples with NO will show slightly
more T state behavior (Moore and Gibson, 1976). EPR stud-
ies of HbNO indicated that disruption of the iron-histidine
bond occurs at low pH; addition of IHP enhances the fraction
with a rupture of the fifth coordinate bond (Hille et al., 1979).
From the point of view of the iron atom, the subunit is li-
ganded, but the proximal histidine no longer feels the pull of
the liganded iron atom and adopts a deoxy-like local struc-
ture. Without the iron-histidine bond there is apparently a
breakdown in the transmission of the signal necessary for the
heme-heme interaction.
While the change in ligand affinity between the allosteric
forms is mainly due to differences in the association rates for
CO, the difference is predominantly in the dissociation rates
for NO and oxygen (Szabo, 1978; Sharma and Ranney,
1978). The kinetics of NO dissociation have been measured
in the presence ofIHP (Moore and Gibson, 1976; Sharma and
Ranney, 1978): a rapid phase accounted for 40% of the ki-
netics, indicating that loss of the first two NO ligands occurs
in the T state conformation. This result suggests that IHPHb-
(NO)3(CO) may also be in the T state conformation. We
confirm this hypothesis by flash photolysis studies of
samples which are 90% NO and the remaining sites as CO
bound. The present results for the bimolecular rate and yield
indicate that the tetra-liganded species "Hb(NO)3(CO) at
pH < 7 is predominantly in the low affinity conformation.
MATERIALS AND METHODS
Purified stripped HbA was prepared from bank blood and stored in the oxy
form in liquid nitrogen. Lyophilized Horse MetMb Type III (batch M-1882;
Sigma Chemical Co., St. Louis, MO) was equilibrated under CO and then
reduced by a buffered dithionite solution. Protein concentrations were de-
termined by spectrophotometry using extinction coefficients for HbCO of
14.3 mM-1 cm-' at 540 nm (Zijlstra et al., 1991) and 15.4 mM-1 cm-1 at
540 nm for MbCO (Antonini and Brunori, 1971).
Freshly prepared stock of 1 atm NO gas (Air Liquide Co., Paris, France)
previously washed with aqueous sodium hydroxide was stored in a sealed
10-ml tube containing 1 ml of concentrated NaOH solution. In all steps, great




AHb solution (about 800 ,uM in heme) at pH 6.6, 50 mM in Bis-Tris buffer,
100 mM NaCl, and 0.5 mM IHP (Sigma) was deoxygenated thoroughly
under argon in a tonometer attached to an optical cuvette (0.2 cm). No
dithionite was added. Then with a gas-tight syringe flushed with argon, a
slight excess of NO gas relative to the heme concentration was introduced
in the tonometer. Because of the slow equilibrium of the stirred gas/liquid
mixture, the increase in percent NO bound could be followed spectropho-
tometrically. The induced spectral changes (Salhany et al., 1974; Moore and
Gibson, 1976) were examined in a range of wavelength between 500 and
600 nm. The reaction was stopped between 90 and 100% NO bound (after
about 10 min) by flushing the tonometer with argon to remove the excess
NO gas, and the sample was kept on ice until the measurements. The par-
tially NO Hb stock solution (over 90% NO bound) was then diluted in a
buffered solution previously equilibrated with 0.1 or 1 atm CO.
Method 2: Hb(NO)3(CO)
Samples of Hb (without IHP) fully saturated with NO were prepared and
then equilibrated with argon to the excess NO. This stock was then diluted
in a buffered solution previously equilibrated with CO. The desired fraction
of sites with NO bound could be obtained by replacement of NO by CO.
For samples equilibrated with 1 atm CO, there is a slow displacement ofNO
by CO, but at 0.1 atm CO the percent NO remained stable for hours. Asmall
amount of sodium dithionite solution may be used to remove the bound NO
more efficiently (Moore and Gibson, 1976).
Method 3: eNo(No/laCo 3co
Asymmetric hybrid samples were prepared (without IHP) by mixing stock
solutions ofHbCO andHbNO (without excess NO). The exchange ofdimers
leads to the formation of (dimer-NO/dimer-CO) asymmetric hybrids (Ack-
ers et al., 1992). Mixtures with a large excess of HbNO were used to lower
the relative contribution of Hb(CO)4. IHP was added just before the meas-
urements. Note that if IHP is added before mixing, the exchange of dimers
is not as efficient due to the increased stability of the (T state) "H'Hb(NO)4
tetramer.
Method 4: a2NOg32CO or a2COI32NO
CO bound aPMB and (PMB chains were prepared from normal hemoly-
sate. The regeneration of -SH groups was performed by reaction with
3-mercaptoethanol (Bucci and Fronticelli, 1965), and the purity of the
preparation was controlled by IEF. The symmetric hybrids were prepared
by exposing one type of chain to NO, flushing with argon to remove the
excess NO, and adding a slight (10%) excess of the NO-bound chain to a
solution containing the other (CO bound) chain.
Photodissociation studies
Flash photolysis measurements were made using 10-ns laser pulses at 532
nm (Quantel); kinetic curves were an average of at least three (32,000 point)
traces recorded on a LeCroy 9400 oscilloscope (Marden et al., 1988). Since
the CO recombination to the low affmity form of Hb may be slow, a low
intensity light source (50-watt quartz halogen lamp filtered at 436 nm) was
used to avoid partial photolysis by the detection beam. Care was also taken
to use a sufficiently low repetition rate to permit full ligand recombination
between photolysis pulses. Samples with a total heme concentration of typi-
cally 60-100 ,uM were prepared in cuvettes of 0.1-, 0.2-, or 0.4-cm optical
pathlength.
No signal was observed for 100% NO samples; the geminate rebinding
ofNO occurs on a picosecond time scale, and the bimolecular yield is very
low (0.003; Saffran and Gibson (1977)). On time scales greater than nano-
seconds, the kinetic signal for the hybrid CO/NO samples should therefore
be essentially due to CO rebinding. For hybrid samples, the fraction CO
bound could be controlled by the amplitude of the photodissociation signal.
A large fraction NO bound is necessary to isolate the signal for CO
binding to the triply NO species. For samples with 95% of the sites occupied
by NO, use of the binomial distribution would imply that 86% of the kinetic
signal is due to CO rebinding to triply NO tetramers (assuming no signal
for the NO bound sites); a difference in the a and 13 chains in their affinity
for NO would change the distribution and increase the contribution of the
triply NO form (to 90% for a large difference).
For Hb(CO)4 samples the fraction dissociated was normalized relative to
static difference spectra. In the spectrophotomer or the flash detection sys-
tem, we observed a static absorbance difference (Hb minus HbCO) of 0.8
OD at 436 nm for 100 ,uM samples in 1-mm cuvettes. The actual bimolecular
signal depends on the concentration of CO bound hemes, the optical path-
length, the fraction dissociated, and the bimolecular yield (50-60% for R
state Hb). T'ypical bimolecular signals for studies of the triply liganded form
ranged from 0.024 OD corresponding to 5% dissociation of 60 ,uM HbCO
samples in 1-mm cuvettes, to 0.13 OD for 80 ,.M I'MHb samples with 95%
NO bound in 4-mm cuvettes.
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Buffer/glycerol mixtures were used for the measurements at low tem-
perature; the kinetics at the lowest temperatures were measured first to
minimize oxidation or other changes in the sample. Since the partially NO
samples may change more quickly at higher temperatures, we made only one
measurement above 0°C per sample by preheating the sample holder and
making a single transition from 0°C to the final temperature, passing the
cuvette first in a liquid bath for 5 min to facilitate the temperature equili-
bration. Since the bimolecular yield increases with temperature, the ab-
sorption change at the highest temperature was used to normalize the entire
data set.
CO/oxygen replacement reaction
The partially NO IHPJb stock (method 1) was diluted in a solution previ-
ously equilibrated with the mixed CO/oxygen atmosphere. Since Hb has a
higher affinity for CO relative to oxygen, the Hb is essentially NO/CO bound
before photolysis.
RESULTS
Overall the CO recombination kinetics to Hb require three
levels of analysis. First there is a major distinction between
the nanosecond geminate phase and the millisecond bimo-
lecular phase. There is a further splitting in two for the bi-
molecular phase, since the R and T bimolecular rates differ
by over a factor of 30; for Hb(CO)4, the fraction of slow (T
state) bimolecular kinetics increases for higher dissociation
levels, lower [CO] (to permit completion of the R -- T tran-
sition) and other conditions which favor the deoxy confor-
mation (lower pH, strong allosteric effectors, etc). Finally
within the T state, the a and ,B chains may differ in rate.
Bimolecular kinetics
Recombination kinetics after photodissociation of NO/CO
Hb hybrids with 95% NO bound are shown in Fig. 1. The
reference curves for Hb(CO)4 were measured with a low
(5%) photodissociation level; without IHP the kinetics ex-
hibit mainly the rapid (R state) bimolecular phase, corre-
sponding to the rebinding between substates R3 and R4; ad-
dition of IHP to Hb(CO)4 increases the fraction slow.
Samples of Hb (without IHP) with 95% of the hemes bound
with NO, denoted Hb(NO)3(CO) as the predominant preflash
species which provides a CO rebinding signal, show mainly
R-like CO rebinding kinetics.
As shown in Fig. 1, the CO rebinding kinetics occur (to
within a few percent) as a single slow process for IHPHb-
(NO)3(CO) samples (prepared by method 1), corresponding
to recombination to T state tetramers. The fraction slow was
independent of the CO concentration and the photolysis
level. The association rate is 7 X 104 M'1 S-1, the same as
that reported for the symmetric valency hybrid a(met-CN)-
,B(CO) in the presence of IHP (Cassoly and Gibson, 1972);
they observed a rate 2.5 times higher for a(CO)(3(met-CN)
with IHP.
Asymmetric NO/CO hybrids
By mixing solutions of HbCO and HbNO (method 3), the
exchange of dimers (Ackers et al., 1992) forms tetrameric
FIGURE 1 Bimolecular recombination kinetics for NO/CO Hb hybrids
with 95% of the hemes occupied by NO. Conditions: 50 mM bis-Tris at pH
6.6, 100mM NaCl, 0.1 mM IHP, equilibration with 0.1 atm CO, 25°C. Since
the NO recombination provides no signal on this time scale, the observed
kinetics are due to CO recombination. The reference curves for Hb(CO)4
samples, at low (5%) dissociation, represent CO recombination to triply CO
tetramers, and show mainly the fast (R-like) component. The partially NO
samples prepared with IHP (method 1) show only the slow phase (to within
a few percent), characteristic of rebinding to deoxy (T state) Hb. The ab-
sorption changes ranged from 0.024 OD (for HbCO, 60 ,AM on a heme basis,
1-mm cuvette) to 0.13 OD for Hb(NO)3(CO) with IHP, 80 AM, 4-mm cu-
vette. All curves were normalized (at 4 ,us), and are displayed on a log-linear
plot.
species with 0, 2, and 4 molecules ofCO bound. This reaction
occurs within seconds for R state tetramers (without IHP).
Since we add a large excess of HbNO, the dominant form
showing CO kinetics should be the asymmetric hybrid
(a NO3NO/aCOI3CO). The bimolecular kinetics for these
samples without IHP showed mainly the rapid R-like bimo-
lecular phase (data not shown). Upon addition of IHP, the
amplitude of the bimolecular signal nearly doubled and we
observed over 90% slow (T state) recombination; the fraction
slow was independent of the fraction photodissociated. The
asymmetric hybrids show two slow phases of equal ampli-
tude (Fig. 2), as expected if both a and ,3 chains participate
in CO rebinding; the rates are 7 and 20 X 104 M-1 s-1.
Symmetric hybrids
Unlike the triply NO and the asymmetric hybrid samples, the
symmetric hybrids (a2NOI32CO or a2CO°32NO) did not show a
large increase in the amplitude of the bimolecular phase upon
addition of IHP. They showed less slow phase for the bi-
molecular kinetics, and the fraction slow was dependent on
the fraction of hemes photodissociated, although only
weakly for CO rebinding to a 3 chain. At maximum disso-
ciation, the samples show about 50% slow phase; the slow
rates were 20 (for CO rebinding to an a chain) and 7 x 104
M-1 s-1, the same rates as for the valency hybrids (Cassoly
and Gibson, 1972). The difference in rates can be seen in Fig.
2; note that the kinetics were normalized at 4 ms to better
compare the slow (T-like) kinetics. This normalization rep-
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FIGURE 2 Bimolecular kinetics for NO/CO hybrids (with IHP) with two
(dotted lines) or three (solid lines)NO molecules/tetramer; conditions as for
Fig. 1. The curves were normalized at 4 ms to better compare the rate of
the slow (T-like) bimolecular phase. The fastest rate was observed for the
symmetric hybrid IHPaCCOINO. The slowest rate was for the symmetric hy-
brid IHPaNO3CO and IHPHb(NO)3(CO) (method 1, same curve as in Fig. 1).
The asymmetric hybrid IHP(aNOI3NO/aCO3cO), a mixture of 20 ,.lM HbCO
with 120 ,uM HbNO, shows an equal mixture of the two rates. For samples
of triply NO Hb (prepared initially without IHP by method 2, 95% NO
bound), the kinetics just (20 s) after addition of IHP also show a mixture
of the two rates. The triply NO, and the asymmetric hybrid samples showed
predominantly the slow (T-like) CO recombination (see Table 1).
resented only a few percent correction for the triply NO and
asymmetric hybrid, but was about a factor of 2 for the sym-
metric hybrids.
These results indicate that the triply NO samples involve
CO rebinding to 3 chains, which would imply that nearly all
the a chains are NO-bound. This is compatible with EPR
results indicating that the a chains have a higher affinity for
NO (relative to the 1 chains) in these conditions of pH 6.6,
with IHP (Henry and Cassoly, 1973; Hille et al., 1979). It was
reported that without IHP the a and 13 chains have a similar
affinity for NO, and that the IHP-induced difference requires
several minutes (Hille et al., 1979). To test for such an effect
with Hb(NO)3(CO), we first measured the kinetics for
samples without IHP (prepared by method 2). We then made
kinetic measurements within 20 s after addition of IHP (Fig.
2), which provokes an increase in the amplitude of the bi-
molecular phase, and shifts the allosteric equilibrium result-
ing in over 90% slow (T-like) bimolecular phase; the kinetics
were now a nearly equal mixture of the two rates observed
for the symmetric hybrids, suggesting that both a and 13
chains participate in the CO rebinding, as for the asymmetric
hybrid.
From the bimolecular kinetics alone, it is difficult to de-
termine if the Hb sample is in the T conformation (before
photodissociation) or whether there is an R to T transition
after the photolysis pulse. The fact that the kinetics are T-like
for samples equilibrated under 1 atm CO indicates only that
such a transition is much faster than the CO rebinding to the
R state. Another test is the direct observation of the allosteric
transition at an isosbestic point (near 426 nm) for CO dis-
sociation (Sawicki and Gibson, 1976; Marden et al., 1986).
We found no evidence for an R to T transition for the triply
NO samples at this wavelength. The increase in the ampli-
tude of the bimolecular phase upon addition of IHP does
suggest a change in the preflash conformation.
Geminate kinetics
Measurement of the nanosecond geminate phase provides a
better indication of the quaternary structure of Hb before
photodissociation, since the protein has less time to relax to
a new conformation. The fraction that escapes and rebinds
via the millisecond bimolecular phase depends on the com-
petition between direct rebinding and migration away from
the iron atom; the fraction bimolecular decreases at low tem-
perature and high viscosity (Beece et al., 1980). Since the CO
(bimolecular) rebinding rate is over 30 times slower for the
T state relative to the R state, one would expect a larger
bimolecular yield for a T state tetramer, assuming similar
escape rates for the two conformations. This analysis appears
to be valid when comparing HbCO (about 50% bimolecular
yield at 25°C) to MbCO (98% bimolecular yield) which has
a slower CO association rate. As mentioned above, the rapid
(picosecond) rebinding explains the very low bimolecular
yield after photodissociation of HbNO. Previous results us-
ing techniques of double flash and flow-flash (Marden et al.,
1987), or strong effectors (Marden et al., 1988), or (a-iron)-
(,3-cobalt) symmetric hybrids in combination with strong ef-
fectors (Murray et al., 1988) have indicated a greatly di-
minished fraction of geminate phase for conditions favoring
the deoxy conformation.
As seen in Fig. 3, the triply NO form shows a much larger
bimolecular yield; high viscosity conditions were used (80%








FIGURE 3 Recombination kinetics (log-log plot) after photodissociation
of IHPHb(CO)4 and 'Hb(NO)3(CO) at 256 K in 80% (w/w) glycerol/buffer
(50 mM Bis-Tris at pH 6.6), 100 mM NaCl, 0.1 mM IHP, equilibration with
0.1 atm CO. N(t) is the fraction of deoxy sites, normalized to the signal at
high temperature. A much higher bimolecular yield, and a slower bimo-
lecular rebinding can be seen for the triply NO sample (over 90% of the
hemes with NO).
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(bimolecular) phase is much slower for the triply NO sample
relative to HbCO, corresponding to the difference between
the T and R bimolecular rates.
The fraction bimolecular versus temperature for samples
in 80% glycerol (w/w) are shown in Fig. 4. In general, the
slower the bimolecular rebinding rate, the larger the bimo-
lecular yield (Table 1).
CO/oxygen replacement reaction
Similar studies using oxygen instead ofCO were difficult due
to an elevated oxidation rate. This would indicate that the T
state tetramer oxidizes much more quickly than the fully oxy
(R state) form, consistent with studies that showed an in-
creased rate of autoxidation for samples at reduced oxygen
partial pressure or in the presence of IHP.
It was possible to perform flash photolysis studies with
samples equilibrated with a mixed O2JCO atmosphere, while
maintaining the sample with 90% NO bound. This method
makes use of the fact that, while CO has a higher affinity than
02 (by a factor of 200), the overall association (on) rate is
higher for oxygen (Antonini and Brunori, 1971).
After photodissociation of CO, one observes a rapid oxy-
gen binding phase followed by the replacement of 02 by CO
(Fig. 5). This technique provides a method of measuring the
association (k') and dissociation (k) rates of 02 (Antonini
and Brunori, 1971). Oxidation of the hemes is decreased,
because the binding sites are exposed to oxygen for less than
1 s. The standard method involves a series of measurements
of different ratios of oxygen and CO (all in saturating con-
ditions). In this study we use nonsaturating levels of oxygen




FIGURE 4 The fraction bimolecular phase after photodissociation of the
systems indicated. Conditions: 80% (w/w) glycerol/buffer (50 mM Bis-Tris
buffer at pH 6.6), 100 mM NaCl, 0.1 mM IHP, 100 ,uM on a heme basis,
equilibration with 0.1 atm CO. The fraction bimolecular is correlated with
the bimolecular on-rate (Table 1): the slowest recombination rate is for the
triply NO form, while the fastest is observed with HbCO in the absence of
effectors. The amplitudes versus temperature were normalized to the maxi-
mum absorbance change, which occurs at the highest temperature.
Consider as an example the reference curve (lowest trace)
in Fig. 5, for a Hb sample (without NO, without IHP) equili-
brated with 0.5 atm CO and 0.5 atm oxygen. After photo-
dissociation of CO, oxygen binds in less than 1 ms. CO bind-
ing would require over 10 ms even for R state Hb; for T state
Hb, the ratio of the on-rates (k'/l') is nearly a factor of 100.
From reference static spectra of Hb, HbCO, and oxyHb, the
level for pure oxyHb (indicated in Fig. 5) would correspond
to 91% of the signal for detection at 436 nm.
For nonsaturating conditions, the amplitude of the (rapid)
oxygen binding phase depends on the oxygen partial pres-
sure; it corresponds to the equilibrium oxygen saturation of
the exposed binding sites. For IHPHb(NO)3 at 25°C, even at
the maximum oxygen partial pressure used (0.6 atm), the
oxygen binding represented only 55% of the total signal with
detection at 436 nm (middle curve in Fig. 5). From the am-
plitude of the rapid phase versus P02, one can estimate the
P50 for oxygen binding. A value of P50 = 300 mmHg was
obtained for measurements of IHPHb(NO)3 at 25°C; this is a
lower oxygen affinity than for IHPHb (P5o = 80, KT = 150
mmHg) or Hb crystals (P50 = KT = 270 mmHg, Mozarelli
et al. (1991)), and the lowest affinity previously observed for
multiple effectors IHP + L345 (KT = 240 mmHg) (Lalezari
et al., 1990). This confirms that the Hb(NO)3 tetramer is in
the low oxygen affinity state, although it is clear that systems
with effectors represent a T'-state with a lower oxygen af-
finity than Hb without effectors.
The kinetic data were simulated using a two-state frame-
work which considered a triply liganded form Hb(NO)3 with
allosteric equilibrium L3 = T3/R3 and two tetra-liganded
forms Hb(NO)3(CO) and Hb(NO)302 both with L4. The R
and T state on-rates for CO were not free parameters, since
they can be directly measured (in the absence of oxygen).
Similarly the oxygen on-rates are constrained to scale with
the oxygen concentration. Simulations were not sensitive to
the CO off-rates; they were set to a low value (< Vs), which
effectively treats the CO rebinding as irreversible. The oxy-
gen off-rate was varied as well as L3 and L4; good fits could
be obtained by setting both L3 and L4 to 1000 (nearly pure
T state). For IHPHb(NO)3 at 25°C, we obtained Tk' = 3 X
106 M-1 s-1 and Tk = 1800/s (as opposed to Rk = 15/s for
dissociation of oxygen from oxyHb); at 4°C, the observed
oxygen affinity was 60 mmHg and Tk = 50/s. These values
confirm than the difference in oxygen affinity for the allo-
steric states is due mainly to a change in the off-rate k.
A stopped flow method has also been proposed which
reduces the oxygen exposure time to about 5 s before ob-
servation (Astatke et al., 1992). Similarly the mixed CO/
oxygen kinetic method reduces the exposure time to less than
1 s. Since HbCO is one of the more stable forms, this flash
method allows measurements under extreme conditions of
temperature or pH. In addition, since no mixing is re-
quired, low temperature and high viscosity solvents could
be used. However, the stopped flow method which starts
from deoxy Hb would be preferable in some cases to avoid
a dimer contribution.
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TABLE 1 Kinetic parameters for CO rebinding to Hb in aqueous solutions (50 mM Bis-Tris at pH 6.6), or in 80% glycerol-buffer
(w/w) solutions
% Bimolecular at CO on-rate
(') at
300 K 240 K* 298 K (aqueous)
298 K,
aqueous 80% glycerol R T (%slow)
% 106 M-l S-I
Hb(CO)4 55 33 0.8 6.0 0.30 (Variable)
IHPHb(CO)4 64 73 2 1.5 0.17 (Variable)
MbCO 98 79 15 0.45
IHPHb(NO)3(CO) 99 99 66 0.07 (95%)
IHPa (NO)P3(CO) 65 3.5 0.07 (50-60%)
IHPa2(CO)f32(NO) 65 3.5 0.2 (25-40%)
IHP(aNOp3NO/,aCO3CO) 95 0.2 and 0.07 (95%)
* Temperature.
The percent bimolecular was calculated from the observed absorption change relative to the maximum absorption change observed at high temperature.
The bimolecular phase can be further separated into rapid and slow phases; the last column shows the percent slow; this percent varies with the fraction
dissociated for Hb(CO)4 samples, and varied less for the symmetric hybrids. The asymmetric hybrid (last row) shows two slow bimolecular rates, correlated
with the rates for the symmetric hybrids.
Hb(NO) CO + 0 \ Hb(NO) + CO + °
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Distribution of substates
For hybrid systems, there is always a question as to whether
the distribution of ligands is random. For the triply NO
samples (above 90% NO bound), we can rule out a contri-
bution of tetramers having three or more CO molecules, since
their recombination kinetics at decreased laser energy are
known to show rapid (R state) bimolecular kinetics. Since we
observe less than 5% rapid kinetics, independent of the pho-
tolysis level, the signal is mainly due to CO rebinding to
triply NO (IHP bound) tetramers. The same argument holds
for the asymmetric hybrids; we did not observe an R state
contribution characteristic of Hb(CO)4, indicating that the
dimer exchange took place as expected.
FIGURE 5 Kinetics after photolysis of IHPHb(NO)3(CO) samples equili-
brated with a mixed CO/02 atmosphere, at 25°C, pH 6.6, 0.5 mM IHP, 80
,uM on a heme basis. Top curve, 0.38 atm oxygen; middle curve 0.6 atm
oxygen. After photolysis of CO, the rapid oxygen association is observed,
followed by a (100 ms) replacement reaction to the more stable CO form.
From the observed partial saturation level, the oxygen affinity can be es-
timated. Absorbance changes were typically 0.12 for measurements in 4-mm
cuvettes. The reference curve (bottom trace, 0.5 atm oxygen) for IHPHb-
(CO)4 represents the high oxygen affinity state. Full equilibration to the oxy
form corresponds to about 91% of the signal amplitude at this detection
wavelength (436 nm).
DISCUSSION
We have examined ligand binding to Hb samples with 95%
of the hemes bound to NO. For samples at pH 6.6 in the
presence of IHP, the CO and oxygen binding show predomi-
nantly T state behavior. The CO bimolecular kinetics display
over 95% slow phase, characteristic of CO binding to deoxy
Hb. The CO bimolecular yield is greatly increased relative
to Hb(CO)4 samples, consistent with a lower rebinding rate.
These results indicate that the triply NO species is in the T
conformation, with or without the fourth ligand.
Chain type
IR and EPR studies indicate that the a chains possess a higher
affinity for NO than the ,B chains (Henry and Cassoly, 1973;
Hille et al., 1979). Addition of IHP enhances the chain dif-
ference with a new equilibrium distribution occurring within
several minutes (Hille et al., 1979). A higher affinity of the
a chains for NO, in the presence of IHP, is consistent with
the present results for IHPHb(NO)3(CO) which show the
same CO rebinding rate as for symmetric hybrid (a2N032CO).
The present results with the asymmetric NO/CO hybrids
also support this conclusion. The slow (T-like) bimolecular
kinetics in this case require a decomposition as a sum of two
exponentials of equal amplitude which differ by a factor of
2.5, the slower rate being the same as that for the IHPHb-
(NO)3(CO) samples. Similar biphasic kinetics were obtained
by flashing the triply NO samples just after addition of IHP
(Fig. 2); this confirms that the chain difference is small in the
absence of IHP, and also shows that the large fraction of
T-like kinetics is obtained whether the CO bound chain is a
or ,B. Note that, while the effector IHP changes the ligand
affinity, the rates and affinities do not depend on the actual
AAN
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hybrid used (valency versus NO/CO, symmetric versus
asymmetric). The difference for the a and 3 chains is ap-
parently not dependent on IHP; a similar difference in the T
state on-rates for oxygen binding to Hb (without IHP) was
previously reported (Sawicki and Gibson, 1977); they arbi-
trarily assigned the rapid component to the ,B chains.
Asymmetric hybrids
It has previously been shown that biliganded symmetric va-
lency hybrids (with IHP) bind CO with the T state rate (Cas-
soly and Gibson, 1972). Thus in the presence of IHP, both
the symmetric and asymmetric biliganded hybrids show
T-like properties for addition of the third ligand. However,
we observe a difference for the two types of hybrids; sur-
prisingly, the asymmetric (dimer-CO/dimer-NO) hybrids
showed only T state behavior after photolysis, which is not
the case for the symmetric hybrids. The asymmetric hybrid
(in the presence of IHP at pH 6.6) shows little geminate
recombination, indicating that even the tetra-liganded Hb
hybrid is in the T state. Preliminary results with asymmetric
valency hybrids also show this enhancement ofT state prop-
erties, relative to symmetric valency hybrids. This is a clear
departure from the two-state model where the allosteric equi-
librium depends on the number of ligands bound, but not
their distribution. Based on dimer-tetramer equilibria, Ackers
et al. (1992) have previously concluded that the biliganded
asymmetric hybrids display more T state behavior that the
biliganded symmetric hybrids.
In another study, Cassoly (1978) mixed equal amounts of
oxyHb and HbNO and then added dithionite to remove the
oxygen; these asymmetric hybrids showed CO binding ki-
netics (by stopped flow) identical to those for deoxy (T state)
Hb. This would imply T-like properties for the asymmetric
hybrid, assuming no change in the distribution of substates
(due to dimer or ligand exchange). However, such a redis-
tribution has been reported (Perrella et al., 1990): after mix-
ing HbNO and metHb, followed by reduction by dithionite,
the intermediate products were then trapped by cryo-tech-
niques; the loss of the asymmetric form occurred within min-
utes accompanied by an increase in the singly and triply NO
forms, suggesting a mechanism due to ligand (rather than
dimer) exchange. This is expected if the biliganded asym-
metric hybrid is in the T-conformation, since the NO disso-
ciation requires only a few minutes.
Geminate yield
Without using hybrids it is difficult to obtain a high per-
centage of liganded subunits in the T state. The allosteric
nature of the ligand binding tends to cause an all (fully oxy-
genated) or nothing (deoxy) reaction, which greatly de-
creases the population of the intermediates, relative to a ran-
dom binomial distribution. Double flash experiments can
provide a better distribution (Marden et al., 1987); however,
the starting point is the fully liganded form and thus has some
contribution of (R-like) dimers. Lower geminate yields (es-
timated as lower than 3%) were observed for flow-flash ex-
periments, where the starting material is deoxy tetramers.
For aqueous solutions of IHPFb(NO)3(CO), the CO gemi-
nate yield was too small to detect. We can only make the same
conclusion as Murray et al. (1988) and place the yield as less
than 1%; note that in our case, we are probably detecting CO
rebinding to a (3-chain, while their a(Fe)/P3(Co) hybrids (with
IHP and bezafibrate) involve CO binding to a-chains. For
both cases there is a large decrease of the geminate yield for
T state Hb relative to the R state, corresponding roughly to
the decrease in bimolecular association rate (Table 1).
Relative to HbCO without effectors, HbCO with IHP has
a lower R state (and T state) association rate (Gray and Gib-
son, 1971); the higher bimolecular yield for HbCO samples
with IHP can be explained by the lower R'-state rate rather
than being partially T state.
The present results are quite in contrast to those involving
symmetric hybrids in the presence of IHP (Bandyopadhyay
et al., 1992). Using double mixing techniques, symmetric
valency hybrids were first reduced using dithionite and then
mixed with a solution equilibrated with CO. They observed
slow (T state) bimolecular kinetics for CO binding, yet the
flow-flash experiments for the same hybrid did not show a
decrease in the geminate yield. Since the (T state) bimo-
lecular kinetics were for the (Just reduced) deoxy chains,
while the geminate phase necessarily refers to liganded sub-
units, the authors concluded that the same tetramer might
posses two "r" liganded subunits yet the other two deoxy
chains are in a "t" conformation.
The nonexponential geminate phase provides information
on the energetic barriers between the binding site and the
surface of the protein (Austin et al., 1975). The end of the
geminate phase can be interpreted as the time necessary for
the ligand to migrate to the solvent, if the migration occurs
in one dimension; this escape time (Marden, 1982; Marden
et al., 1986) is observed to increase with the solvent viscosity.
The difference in the fraction geminate between the R and
T states is so large that it is difficult to find suitable conditions
to compare the escape times. Also, at low viscosity a small
(5%) R state contribution in the preflash conditions could
mask the T state geminate phase. In order to have an ap-
preciable amplitude for the T state samples, we used con-
ditions of high viscosity (80-90% glycerol and temperatures
below 260 K). From the data where a substantial fraction
geminate occurs, the escape time for IHPHb(NO)3 (T state)
is only slightly shorter (within a factor of 2) than that for the
HbCO (R state) samples. This would suggest that the path-
way for escape is not significantly different between the two
conformations.
CONCLUSIONS
Triply-NO Hb with IHP is stabilized in the T state confor-
mation without or with CO or 02 as the fourth ligand. This
hybrid species allows ligand binding studies to Hb in the T
state. The criteria for the allosteric equilibrium does not seem
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to be whether the subunit is actually liganded, but whether
the other subunits are informed; rupture of the iron histidine
bond apparently results in the loss of this transmission of
information.
We observe two T state rates for samples where both a and
f chains bind CO (asymmetric hybrids and triply NO
samples just after addition of IHP). However, triply NO
samples prepared initially with IHP show only the slower
rate, characteristic of CO rebinding to a ( chain.
Based on the amplitude and rate of the bimolecular ki-
netics, the following species are in the T state in the presence
of IHP at pH < 7: Hb(NO)3, Hb(NO)3(CO), Hb(NO)3(02),
where oxygen or CO may be bound to an a or 3 chain, and
the asymmetric hybrid (aNOI3NO/aCOf3Co) and its photoprod-
ucts.
IWo-state model: The present work shows evidence for T
state species with four ligands bound. This offers no conflict
with the two-state model, but shows the switchover point to
be widely variable. The small differences (factor of 2 to 3)
between the a and ,B chains are technically not allowed by
a simple two-state model, but they represent minor pertur-
bations compared to the factor of 100 shift in allosteric equi-
librium for each ligand. The use of strong effectors which
changeKT by over an order ofmagnitude clearly indicate that
there are not unique R and T states, but rather a family of R
and T states. For given conditions, one can still employ a
two-state framework. The results for the asymmetric hybrid
are perhaps the greatest departure from a two-state model,
implying that in addition to the number of ligands bound, the
actual distribution of sites is critical.
We thank B. Bohn and G. Caron for technical assistance.
This research was supported by Institut National de la Sante et de la Re-
cherche Medicale, the Air Liquide Co., the Fondation pour la Recherche
Medicale, and the Faculty of Medicine at Kremlin Bicetre. With this work
L. Kiger, supported by the Ministere de la Recherche et de l'Espace, partially
fulfilled the requirements for the "Doctorat de Sciences" from the Universite
Paris-XI, Orsay, France.
REFERENCES
Ackers, G. K., M. L. Doyle, D. Myers, and M. A. Daugherty. 1992. Mo-
lecular code for hemoglobin cooperativity. Science (Wash. DC). 255:
54-69.
Antonini, E., and M. Brunori. 1971. Hemoglobin and Myoglobin in Their
Reactions with Ligands. Elsevier, Amsterdam.
Astatke, M., W. A. McGee, and L. J. Parkhurst. 1992. A flow procedure to
determine oxygen binding isotherms for low affilnity and easily oxidized
hemoglobins. Comp. Biochem. Physiol. 101B:683-688.
Austin, R. H., K. W. Beeson, L. Eisenstein, H. Frauenfelder, and I. C. Gun-
salus. 1975. Dynamics of ligand binding to myoglobin. Biochemistry.
14:5355-5373.
Bandyopadhyay, D., D. Magde, T. G. Traylor, and V. S. Sharma. 1992.
Quaternary structure and geminate recombination in hemoglobin: flow-
flash studies on a2CO132 and a2,32CO. Biophys. J. 63:673-681.
Beece, D., L. Eisenstein, H. Frauenfelder, D. Good, M. C. Marden, L.
Reinisch, A. H. Reynolds, L. B. Sorensen, K. T. Yue. 1980. Solvent vis-
cosity and protein dynamics. Biochemistry. 19:5147-5157.
Bonaventura, J., and A. Riggs. 1968. Hb Kansas, a human Hb with a neutral
amino-acid substitution and an abnormal oxygen equilibrium curve. J.
Biol. Chem. 243:980-991.
Briehl, R. W., and J. M. Salhany. 1975. Gelation of sickle hemoglobin. J.
MoL Biol. 96:733-743.
Brittain T. 1987. The root effect. Comp. Biochem. PhysioL 86B:473-481.
Bucci, E., and Fronticelli, C. 1965. A new method for the preparation of a
and 3 subunits of human hemoglobin. J. BioL Chem. 240:551-553.
Cassoly, R. 1974. C. R. Seances Acad. Sci. Ser. D. 278:1417-1420.
Cassoly, R. 1975. Relations between optical spectrum and structure in ni-
trosyl hemoglobin and hybrids. J. MoL Biol. 98:581-595.
Cassoly, R. 1978. Use of nitric oxide as a probe for assessing the formation
of asymmetrical hemoglobin hybrids. J. Biol. Chem. 253:3602-3606.
Cassoly, R., and 0. H. Gibson. 1972. The kinetics of ligand binding to
hemoglobin valency hybrids and the effect of anions. J. Bio. Chem.
247:7332-7341.
Charache, S., D. J. Weatherall, and J. B. Clegg. 1966. Polycythemia asso-
ciated with a hemoglobin pathology. J. Clin. Invest. 45:813-822.
Edelstein, S. J. 1975. Cooperative interactions of hemoglobin. Annu. Rev.
Biochem. 175:407-412.
Friedman, J. M., T. W. Scott, R. A. Stepnoski, M. Ikeda-Saito, and T. Yon-
etani. 1983. The iron-proximal histidine linkage and protein control of
oxygen binding in hemoglobin. J. Bio. Chem. 258:10564-10572.
Gibson, Q. H. 1956. The direct determination of velocity constant of the
reaction Hb4(CO)3 + CO -> Hb4(CO)4J. Physiol. (Lond.). 134:123-134.
Gray, R. D., and Q. H. Gibson. 1971. The effect of inositol hexaphosphate
on the kinetics of CO and 02 binding by human hemoglobin. J. Biol.
Chem. 246:7168-7174.
Henry, Y., and R. Cassoly. 1973. Chain non-equivalence in nitric oxide
binding to hemoglobin. Biochem. Biophys. Res. Commun. 51:659-665.
Hille, R., J. S. Olson, and G. Palmer. 1979. Spectral transitions of nitosyl
hemes during ligand binding to hemoglobin. J. Biol. Chem. 254:12110-
12120.
Ignarro, L. J. 1989. Heme-dependent activation of soluble guanylate cyclase
by nitric oxide: regulation of enzyme activity by porphyrins and metal-
loporhyrins. Semin. Hematol. 26:63-76.
Kosaka, H., M. Uozumi, and I. Tyuma. 1989. The interaction between ni-
trogen oxides and hemoglobin and endothelium-derived relaxing factor.
Free Rad. Biol. Med. 7:653-658.
Lalezari, I., P. Lalezari, C. Poyart, M. C. Marden, J. Kister, B. Bohn, G.
Fermi, and M. F. Perutz. 1990. New effectors of human hemoglobin:
structure and function. Biochemistry. 29:1515-1523.
Marden, M. C. 1982. A coupled diffusion and barrier model for the recom-
bination kinetics of myoglobin-carbon monoxide. Eur. J. Biochem. 128:
399-404.
Marden, M. C., E. S. Hazard, and Q. H. Gibson. 1986. Testing the two-state
model: anomalous effector binding to human hemoglobin. Biochemistry.
25:7591-7596.
Marden, M. C., E. S. Hazard, C. Kimble, and Q. H. Gibson. 1987. Geminate
ligand recombination as a probe of the R, T equilibrium in hemoglobin.
Eur. J. Biochem. 169:611-615.
Marden, M. C., J. Kister, B. Bohn, and C. Poyart. 1988. T-state hemoglobin
with four ligands bound. Biochemistry. 27:1659-1664.
Maxwell, J. C., and W. S. Caughey. 1976. An infrared study ofNO bonding
to heme B and hemoglobin A. Evidence for inositol hexaphosphate in-
duced cleavage of proximal histidine to iron bonds. Biochemistry. 15:
388-396.
Moore, E. G., and Q. H. Gibson. 1976. Cooperativity in the dissociation of
nitric oxide from hemoglobin. J. BioL Chem. 251:2788-2794.
Mozarelli, A., C. Rivetti, G. L. Rossi, E. R. Henry, and W. A. Eaton. 1991.
Crystals of haemoglobin with the T quaternary structure bind oxygen
noncooperatively with no bohr effect. Nature (Lond.). 351:416-419.
Murray, L. P., J. Hofrichter, E. R. Henry, M. Ikeda-Saito, K. Kitagishi, T.
Yonetani, and W. A. Eaton. 1988. The effect of quatemary structure on
kinetics of conformational changes and nanosecond geminate rebinding
of carbon monoxide to hemoglobin. Proc. Natl. Acad. Sci. USA. 85:
2151-2155.
Nagai, K., H. Hori, S. Yoshida, H. Sakamoto, and H. Morimoto. 1978. The
effect of quaternary structure on the state of the a and 13 subunits within
nitrosyl haemoglobin. Low temperature photodissociation and the ESR
spectra. Biochim. Biophys. Acta. 532:17-28.
1058 Biophysical Journal Volume 65 September 1993
Perrella, M., A. Colosimo, L. Benazzi, M. Ripamonti, and L. Rossi-Ber-
nardi. 1990. What the intermediate compounds in ligand binding to he-
moglobin tell about the mechanism of cooperativity. Biophys. Chem. 37:
211-223.
Perutz, M. F., J. V. Kilmartin, K. Nagai, A. Szabo, and S. R. Simon. 1976.
Influence of globin structures on the state of the heme. Ferrous low spin
derivatives. Biochemistry. 15:378-387.
Root, R. W. 1931. The respiratory function of the blood of marine fishes.
Bio. Bull. Mar. Bio. Lab. (Woods Hole). 61:427-456.
Saffran, W. A., and Q. H. Gibson. 1977. Photodissociation of ligands from
heme and heme proteins. J. Biol. Chem. 252:7955-7958.
Salhany, J. M., S. Ogawa, and R. G. Shulman. 1974. Spectral-kinetic het-
erogeneity in reactions of nitrosyl hemoglobin. Proc. Natl. Acad. Sci.
USA. 71:3359-3362.
Sanches, R. 1988. Dehydration effects on the heme environment of nitric
oxide hemoglobin. Biochim. Biophys. Acta. 955:310-314.
Sawicki, C. A., and Q. H. Gibson. 1976. Quaternary conformational changes
in human hemoglobin studied by laser photolysis of carboxyhemoglobin.
J. Biol. Chem. 251:1533-1542.
Sawicki, C. A., and Q. H. Gibson. 1977. Properties of the T-state of human
oxyhemoglobin studied by laser photolysis. J. Bio. Chem. 252:7538-
7547.
Sharma, V. S., and H. M. Ranney. 1978. The dissociation of NO from
nitrosylhemoglobin. J. Biol. Chem. 253:6467-6472.
Shulman, R. G., J. J. Hopfield, and S. Ogawa. 1975. Allosteric interpretation
of haemoglobin properties. Q. Rev. Biophys. 8:325-420.
Szabo, A. 1978. Kinetics of hemoglobin and transition state theory. Proc.
Natl. Acad. Sci. USA. 75:2108-2111.
Traylor, T. G., and V. S. Sharma. 1992. Why NO? Biochemistry. 31:2847-
2849.
Wajnberg, E., M. P. Linhares, L. J. El-Jaick, and G. Bemski. 1992. Nitrosyl
hemoglobin: EPR components at low temperatures. Eur. Biophys. J. 21:
57-61.
Zijlstra, W. G., A. Buursma, and W. P. Meeuwsen-van der Roest. 1991.
Absorption spectra of human fetal, and adult oxyhemoglobin, deoxyhe-
moglobin, carboxyhemoglobin, and methemoglobin. Clin. Chem.
37:1633-1638.
